A quantitative analysis of capillary supply to skeletal muscle is important for understanding the upper limit of the capacity for delivery of oxygen and substrates to muscle cells. It has been well documented that the number of capillaries is altered by several factors including development, aging, and alteration of muscle activity level such as exercise training and inactivation. There is, however, a contradiction in animal studies for aging-related change in the number of capillaries. Human studies using biopsy technique also displayed an inconsistency on that point, in which capillary supply was not influenced or decreased with aging. This review discussed an inconsistency among studies for aging-related change in muscle capillary supply. In conclusion, the relationship between capillary supply and muscle fiber size is similar for both young and elderly population, and the morphological balance between capillaries and each muscle fiber was maintained with advancing age.
INTRODUCTION
Capillaries exchange gasses (e.g., oxygen and carbon dioxide) and various substances (e.g., substrates and metabolic products). For this reason, capillaries are also called "exchange vessels". Capillaries have a structure that is quite suitable for exchanging substances; their single-layer structure is composed of vascular endothelial cells with the smallest thickness of the cell membrane of only 1.5 μm [1] . Normally, two or three endothelial cells mutually contact to form the lumen. These structural characteristics are suitable for going in and out of substances [2] . In addition, the properties are deeply related to the morphological change of the capillary network. The proliferation of vascular endothelial cells composing capillaries means an increase in the number of capillaries; in contrast, degradation of vascular endothelial cells means the disappearance of capillaries [3] [4] [5] [6] . The increase and decrease in the number of vessels is a morphological aspect peculiar to capillaries. In this paper, we will describe the morphological changes in capillaries due to aging, and the effects of endurance and resistance training during the aging period.
EFFECTS OF MUSCLE FIBER COMPOSITION AND SIZE
First, we describe the layout of capillaries and muscle fibers as anatomical characteristics. The micrograph in Figure 1 depicts a cross-sectional image of the skeletal muscle of a rat, in which capillaries with their lumen open can be observed. The capillaries are arranged so that they surround the muscle fiber, and many muscle fibers are surrounded by three to six capillaries. The number of capillaries surrounding the muscle fiber depends on the composition and the size of the fiber. Basically, more capillaries are observed on slow-twitch fibers than on fast-twitch fibers. Among the fast twitch fibers, Type IIA fiber has more capillaries than Type IIB 
AGING AND SKELETAL MUSCLE CAPILLARIZATION
Various changes take place in the muscular tissue with age [10-13]. The remarkable morphological features are atrophy of individual muscle fiber, a decrease in the number of muscle fibers, and a decrease in the function of muscle that accompanies them. It is commonly assumed that skeletal muscle atrophy occurs because the amount of physical activity decreases with aging and the degree of disuse progresses. Other factors are the lowered function of the neuromuscular junction and a decrease in motor units [14, 15] . From the viewpoint of histochemistry in particular, the atrophy of fast-twitch muscle fiber, which is classified as Type II fiber, is remarkable [16] . On the other hand, slow-twitch fibers that were enlarged by the action of compensation can also be observed [17] . However, Carter et al. [18] suggest that the slow twitch muscle undergoes large phenotypic alterations in very old age. Thus, it is necessary to determine what change in capillarization occurs with age. The size of the adjacent muscle fiber and the composition of muscle fiber, which represent metabolic and shrinkage properties, are related to capillaries. Therefore, it can be predicted that skeletal muscle atrophy and changes in metabolic properties cause a decrease in the number of capillaries. However, previous studies that used human and animals had conflicting findings on changes in the number of capillaries due to aging [19] . The following section reviews these studies.
Studies on Human Skeletal Muscle
Coggan et al. [20] reported changes in the number of capillaries in ten males and females in their aged 20 years and 60 years, and found that the density of capillaries decreased by 25% in the aged groups of both males and females. Similarly, a study that investigated changes in the number of capillaries on a time scale over a period of 12 years (from aged 65 to aged 77 years) [21] indicated that the density of capillaries decreased by 20%. On the other hand, according to reports by Proctor et al. [22] and Denis et al. [23] , the number of capillaries of subjects in their aged 60 years did not differ from that of subjects in their aged 20 years. However, Proctor et al. [22] reported that the number of capillaries on Types IIA and IIB fibers decreased significantly in elderly people. This study confirmed that muscular atrophy takes place in Types IIA and IIB fibers in the elderly. These results indicate that, while no remarkable decrease in the number of capillaries was observed in the muscle as a whole, a decrease in capillaries could be observed in only the fast-twitch fibers where atrophy of muscle fibers took place.
Studies on Animal Skeletal Muscle
Many findings have been reported in previous studies using experiments on animals [9, [24] [25] [26] [27] [28] . Brown [25] and Mitchell et al. [26] investigated changes in the number of capillaries with age in the soleus muscle (mostly occupied by slow-twitch fibers) and the extensor digitorum longus muscle (mostly fast-twitch fibers) of a rat and reported that no decrease in the number of capillaries with age was observed in either type of muscle. However, Degens et al. [27] demonstrated the disappearance of capillaries is related to aging in the plantaris muscle of a rat. In contrast, Davidson et al. [28] reported an increase in the number of capillaries with age in the soleus muscle and extensor digitorum longus muscle of mice. Although in this report the authors pointed out the involvement of angiogenic factors or of the decreased down-regulation of those factors as the cause of the increase in the number of capillaries, the mechanism has not yet been clarified. Kano et al. [24] investigated capillaries of an aged rat for individual types of muscle fibers and clarified that the number of capillaries surrounding the muscle fiber is regulated by muscle fiber size, regardless of age (Figures 2 and 3) . Furthermore, this relationship was recognized in both slow-twitch fibers (the soleus muscle) and fas-twitch fibers (the plantaris muscle). As described previously, in the aging period, selective atrophy does occur in some muscle fibers, but some muscle fibers are enlarged by compensatory action on the atrophic muscles (see Figure 2 ). When viewed on the level of individual muscle fibers, this phenomenon is like a mixture of physical inactivity and resistance training; in this case, evaluation of the number of capillaries in the entire muscle may lead to contradictory results. Therefore, evaluating the number of capillaries in the aged period for each type of muscle fiber will be useful for clarifying the effect of training and the aging phenomenon.
Young Old Figure 2 . Light micrographs of transversely sectioned perfusion-fixed muscle for plantaris muscle in young and old Wistar rats. Appearance of atrophied and hypertrophied fibers was observed in the muscles of old rats, that is a characteristic feature of early stage of aging, so that fiber size was distributed in a wider range in old animals than in young ones. Bar = 100 μm. Furthermore, the size of the capillary lumen is a morphological factor that influences blood flow resistance and oxygen diffusion ability. Some research has indicated that the size of capillary lumens in young rats is not homogeneous [29] [30] [31] . Takahara et al. [31] , using the microcorrosion casts method, reported capillary diameters ranging from 3.1 μm to 13.2 μm. Our previous studies, using the perfusion fixation method, indicated capillary diameters ranging from 2 μm to 10 μm [29, 30] . We have reported that capillary luminal size decreases in atrophied skeletal muscles of tail-suspended rats, i.e. reduced mechanical stress on hind limbs [29] . The narrower capillaries in the atrophied muscle could be related to an increase in the blood flow resistance. In skeletal muscle of older rats, the mean of capillary luminal diameter did not statistically differ among young and old rats. Also, the range and distribution of the capillary luminal size are similar for young and old rats [24] . These data indicate that the capillary luminal area is stable with aging. These different findings between the tail-suspended and the older rats may be related to the hemodynamics of locomotory muscles. McDonald et al. [32] reported that blood flow to the antigravity soleus muscle was reduced during hind-limb suspension. In contrast, resting blood flow is maintained in skeletal muscle of old rats [33] . It has been suggested that capillary growth is initiated by mechanical factors related to blood flow [34] . Therefore, it is likely that variable blood flow contributes to the morphological changes of capillary lumens.
EXERCISE TRAINING AND ADAPTATION OF CAPILLARIES IN THE AGED PERIOD
In considering what response the capillaries of muscular tissue have to endurance training and resistance training in the aged period, one conclusion is that the "adaptability of capillaries is maintained in the aged period". Most research indicates that capillaries develop at the same level as in the adolescence in response to training in the aged period [19, 35, 36] . Proctor et al. [22] investigated 60-year-old men who habitually performed endurance training. They found that the density of capillaries of these men was significantly higher than that of the control group of the same age, and that the observed value was also higher than that of young people who performed endurance training. However, as a matter of great interest, no effect of training was recognized in the number of capillaries surrounding Type IIa fibers. Similarly, while atrophy of slow-twitch fibers was suppressed in elderly people who were training, atrophy of fasttwitch fibers with age was recognized. These results confirmed that endurance training in the aged period does not involve fast-twitch fibers, and this fact should be considered when determining the method of training during the aged period.
Hepple et al.
[37] investigated elderly males aged 65 to 73 years, and observed the enlargement of muscle fibers and a new generation of capillaries when resistance training of three sessions per week was performed for nine weeks at a resistance of 6 to 12 RM. The increase in the number of capillaries at this time corresponded to the degree of enlargement of muscle fibers.
CONCLUSION
The present article reviews the relationship between aging and capillaries from the viewpoint of anatomy. A significant relationship exists between the size of muscle fibers and the morphological features of capillaries; Figure 4 depicts these relationships schematically. A strong correlation exists between the metabolic demands of oxygen and nutrients (i.e. the cross-sectional area of muscle fibers) and its supply limit (i.e. the number of capillaries). While many muscle fibers cause atrophy with age, the number of capillaries also decreases. However, the number of capillaries increases on the muscle fibers that are enlarged by compensatory response. The relationship between supply and demand is thus clearly established even in muscular tissue of an elderly period. Endurance training increases the volume of mitochondria without increasing the cross-sectional area of muscle fibers. In this case, the metabolic demand may be regulated by the volume of mitochondria, rather than muscle fibers. As a result, the ability to supply energy to muscle fibers increases, and aerobic performance capacity improves. Furthermore, resistance training occurs for muscle fiber hypertrophy, depending on the contents of the Figure 4 . Relationship between the size of muscle fibers and the number of capillaries. A significant correlation exists between the metabolic demands level (i.e. the size of muscle fibers) and its supply limit (i.e. the number of capillaries). Endurance training increases the number of capillaries without increasing the cross-sectional area of muscle fibers. Morphological balance between capillary and muscle fiber are maintained by resistance training. When an extremely hypertrophy occurs, however, the supply from capillaries becomes insufficient for enlarging muscle fibers.
training program, but this situation occurs when the supply from capillaries becomes insufficient for enlarging muscle fibers. In this case, a decrease in endurance potential can be expected. However, it is difficult in the aged period to perform the degree of training that causes extreme enlargement of muscle fibers; therefore, the studies that report an insufficient increase in the number of capillaries for enlarging muscle fibers are limited to those addressed to body builders [38, 39] . Thus, it seems that resistance training during the aged period accompanies the development of capillaries.
